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We report the first observation of the baryonic flavor-changing neutral current decay A — Apt ™
with 24 signal events and a statistical significance of 5.8 Gaussian standard deviations. This mea-
surement uses a pp collisions data sample corresponding to 6.8 fb™! at /s = 1.96 TeV collected
by the CDF II detector at the Tevatron collider. The total and differential branching ratios for
A) — Aptp~ are measured. We find B(A) — Autp™) = [1.73 & 0.42(stat) & 0.55(syst)] x 107°.

We also report the first measurement of the differential branching ratio of B — ¢utpu~

using 49

signal events. In addition, we report branching ratios for BY — K*u™p~, B® — K°u*u~ and

B — K*(892)p™ 1~ decays.
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Rare decays of hadrons containing bottom quarks
through the process b — su*u~, where b is a bottom
quark and s is a strange quark, occur in the standard
model (SM) with O(10~%) branching ratios [1, 2]. The b
and s quarks carry the same charge but different flavor, so
this process is a flavor-changing neutral-current (FCNC)
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decay. FCNC decays are suppressed at tree level in the
SM, and must occur through higher order, and more sup-
pressed, loop amplitudes. Their suppressed nature and
clean experimental signature, along with reliable theo-
retical predictions for their rates [1, 3, 4], make them
excellent search channels for new physics. With multi-
body final states, these decays offer sensitivity to new
physics in a number of kinematic distributions in addi-
tion to the total branching ratio. In this Letter we report
measurements of the total branching ratios of FCNC de-
cays, as well as their differential branching ratios as a
function of ¢* = M7, c¢*, where M,,, is the dimuon in-
variant mass. Exclusive decays of B — K™yt~ have
been observed by BABAR [5], Belle [6], and CDF [7]. The
CDF experiment also recently reported the observation
of BY — ¢(1020)u" 1~ [7]. No significant departure from
the SM has been found thus far.

In addition, the study of the baryonic b — su™p™ de-
cays is very important, since the baryonic FCNC decays
are sensitive to helicity structure of effective Hamilto-
nian which is lost in the hadronization of the mesonic
decays [8]. Although the theoretical calculations of the
exclusive baryonic b — su™p~ decays have large uncer-
tainties compared to the mesonic decays due to addi-
tional degree of freedoms in the baryon bound states, the
measurements of the total and the differential branching
ratios can help the improvement of the theoretical treat-
ments. One can also compare the measurements of the
mesonic b — sutu~ decays with the baryonic decays,
which follow the common quark transition. Measure-
ments of both mesonic and baryonic FCNC decays there-
fore provide additional tests of the SM and its extensions.
However, no b baryon FCNC decay has been observed
and there are few experimental constraints on their decay
rates. The A) — ApTu~ decay is considered promising
in this respect [8-11] and experimentally accessible since
the branching ratio is predicted as (4.0+1.2) x 1075 [10].

The data sample used in the measurements reported
in this Letter corresponds to an integrated luminosity of
6.8 fb~! from pp collisions at a center-of-mass energy of
/s = 1.96 TeV collected with the CDF II detector be-
tween March 2002 and June 2010. The A) — Aptpu~
decay is reconstructed and measurements are made of
the total branching ratio and the differential branching
ratio as a function of ¢2. Besides the updated branch-
ing ratios of B? — ¢utp~, BT — Ktptp~, and
B? — K*(892)°u*pu~, we report the branching ratios
of B - K%t u~ and B — K*(892)*u*p~ which are
measured for the first time in hadron collisions. We also
report the first measurement of the differential branch-
ing ratio as a function of ¢® of BY — ¢u*u~. To cancel
the dominant systematic uncertainties, decay rates for
each rare channel H, — hu™p~ are measured relative
to the corresponding resonant channel H, — J/vh with
J/1 — ptu~, used as a normalization, where Hj, repre-
sents the b hadron and h stands for A, ¢, K+, K%, K*°,

4

and K**. Charge-conjugation is implied throughout the
Letter.

The reconstruction of the exclusive b hadron events
starts with a dimuon sample selected by the online trig-
ger system [12] of the CDF II detector [13]. The trigger
system utilizes information from muon detectors and the
central outer tracker [14]. Muon chambers CMU and
CMX [15] cover |n| < 0.6 and 0.6 < |n| < 1.0, respec-
tively [16]. The CMP muon chamber covers |n| < 0.6
and is located behind the CMU and an additional steel
absorber. The dimuon trigger requires a pair of oppo-
sitely charged particles with a momentum transverse to
the beamline, pr > 1.5 GeV/c that are matched to track
segments in the CMU or CMX chambers. At least one
of the muon tracks is required to have a CMU track seg-
ment. The trigger also requires that the dimuon pair sat-
isfies either L., > 100 pum, where the transverse decay
length L, is the flight distance between the dimuon ver-
tex and the event primary vertex [17], or pr > 3.0 GeV /¢
and matched segments in both CMU and CMP chambers
for one of the muon candidates.

Offline event selection starts with the triggered dimuon
pairs. Each offline track is required to satisfy more strin-
gent requirements on the number of hits used to recon-
struct the track. The dimuon selection requirements used
in the trigger are repeated with the higher quality of-
fline tracks. The decay length and invariant mass of
each dimuon pair are calculated after a vertex fit using
the muon tracks. Dimuon pairs are classified according
to their invariant mass M,,. Dimuons from FCNC b
hadron decays are required to be inconsistent with de-
caying from J/1 (4(2S)) mesons by requiring ¢* values
outside the window of 8.68 (12.86) < ¢? < 10.09 (14.18)
GeV?/c? [7]. The J/1 candidates are required to have
M, within 50 MeV /c? of the known .J/¢ mass [18].

The A) — ApTp~ candidates are selected by combin-
ing the dimuon pairs with A baryons reconstructed from
decays A — pn~. The pr~ pairs are required to have
invariant mass consistent with the known A mass [18],
pr > 1.0GeV /¢, and a vertex displaced from the dimuon
vertex. The transverse momentum of the A candidate is
required to be greater than 4.0 GeV/c. Candidates with
an invariant mass calculated from two or three daugh-
ter particles compatible with J/v, ¥(25), D°, D, D},
or A, masses are rejected to remove backgrounds from
these charm-hadron decays [7]. The B — ¢u*pu~ can-
didates are reconstructed from dimuons together with a
pair of oppositely-charge kaons consistent with a ¢ de-
cay with a selection similar to that of A) — Autp~.
The B%* — K%+t~ candidates, where K% is one of
{K* K2, K*0, K*T}, are formed from a dimuon com-
bined with up to three charged tracks. The K me-
son is reconstructed in its 77~ final state by requir-
ing the dipion mass to be consistent with the known
K9 mass [18]. Details about the reconstruction of the
decays of K** — K*7n~ and ¢ — KTK~ can be



found in Ref. [7]. Cross-feed between AY — ApTp~ and
B — K2utp~ is suppressed by evaluating the momen-
tum imbalance of A and K9 daughters [19]. We utilize
the correlation between invariant mass and the asymme-
try a = (¢f —q;)/(q} +aqz), where qz(f) is the longitu-
dinal momentum of the positive (negative) decay product
relative to the direction of the A or Kg. We reject can-
didates satisfy —0.26 < —1.9M(K92) + |a| < —0.15 for
KpTp~ and 4.73 < 3.6M (A) + |a| < 4.78 for Autpu~.
We remove 76 (90)% of the cross-feed while the signal loss
is 11 ()% for ApTp~ (K2utp™). A residual cross-feed
contamination of 0.1% (0.6%) to the ApTp~ (K2utp™)
signal is considered as a systematic uncertainty. To fur-
ther optimize the event selection, an artificial neural net-
work (NN) classifier is trained using simulated signal
events and background events taken from H}, mass side-
bands (0.1-0.36 GeV /c? far from the known Hj, mass) in
data. Some kinematical distributions of the simulated
signal, e.g. transverse momentum of b hadron, and the
energy depositions of muon candidates in the electromag-
netic and hadron calorimeters, are corrected using scale
factors extracted by comparing simulation to data in the
normalization channels. We use 70% of the sideband
events for the training, and use the remaining events to
check that the NN does not biases or over-suppress the
mass distribution. The optimized NN threshold is deter-
mined to maximize the average expected significance of
the branching ratio, using many kinematic observables
including transverse momentum, invariant mass, vertex
fit qualities and muon identification qualities [7].

The signal yield of the A) — Au*p~ candidates is ob-
tained by an unbinned maximum likelihood fit to the
Ag invariant mass distribution with the signal proba-
bility density function (PDF) parametrized by Gaus-
sian distributions using simulated signals and the back-
ground PDF modeled by a linear function. We fix the
Ag mass width for the rare decay while it is floated
for the normalization channel. Different mass width be-
tween data and the simulated signal is corrected by mea-
sured mass width ratio of the normalization channel be-
tween data and the simulated signal. The signal region
is defined within 40 MeV/c? from the world average A
mass [7]. The statistical significance is obtained through
a likelihood-ratio test between the signal plus background
and background-only hypotheses interpreted assuming it
distributed as a x? variable. The invariant mass dis-
tribution of the A) — ApTp~ candidates is shown in
Fig. 1. In the signal region, we observe 2445 events from
AY — ApTp~ decays while the total number of the signal
candidates is 34. The statistical significance of the signal,
s, corresponds to 5.8 Gaussian standard deviations. The
signal yields of BY — ¢u™pu~ and other FCNC B me-
son decays are obtained by a similar procedure as that
of A — ApTu~. Each channel uses independent NN
weight and PDF. The fit range for Bt and B° decays
is from 5.18 to 5.70 GeV/c? to avoid the region of 5.0—
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FIG. 1: Invariant mass of (a) A} — Autu~, (b) BY —
outp~, (¢) BY — Ktptp~, (d) B® — K utpu~, (e)
B® — K3uTu~, (f) BT — K*TuTpu~, with fit results over-
laid. The histograms are the data. Solid, dashed-dotted, and
dotted curves show the total fit, the signal PDF and the back-
ground PDF| respectively.

5.18 GeV/c?, which is dominated by the feed-down back-
ground from multi-body decays of b hadrons. While the
contribution from charmless H;, decays is negligible due
to the muon identification, we estimate a 1% crosstalk
between B® — K*u*p~ and BY — ¢utpu~ using sim-
ulation, and correct for it. Invariant mass distributions
of BY — ¢utp~ and other FCNC B meson decays are
shown in Fig. 1 and signal yields are listed in Table I.

TABLE I: Summary of observed yields, the statistical signif-
icance s, and the relative efficiency erel.

Mode NhH+M7 S (O') NJ/wh Erel
A At 245 58 1740+50 0.33+0.01
BY — outp~ 49+7 9.0 4560+£80 0.56=£0.01

BT — KtpuTu™ 234419 13.7 72200 4 300 0.41 £ 0.01
BY — K*%u Ty~ 164415 13.7 28300 =4 200 0.45 + 0.02
B - K2utpu™ 2849 3.5 9470490 0.47 £0.01
BY — K*"uty™ 2046 3.5 4560480 0.38+0.02




The branching ratios of A) — Autu=, BY — ¢utpu~,
and B — K™yt~ are calculated by comparing their
signal event yield to that of the normalization decay
modes A) — J/YA, BY — J/¢p, and B — J/PpK),
where J/¢ — pTu~, after the reconstruction efficiency
correction:

B(Hy — hp*p~) _ Nty

o BU/Y = ptpm)
B(Hy — J/¢h)

NJ/1/)h Erel

) (1)

where Nj,+,- is the hutp~ yield, Ny, is the
J/vh yield for the normalization channel, and e, =
Ehptu- [€7/ypn is the relative reconstruction efficiency de-
termined from the simulation. The calculated relative
and absolute branching ratios are listed in Table II. The
absolute branching ratios are obtained using world aver-
ages of the J/vh decay rates [18]. The branching ratios
of B — Kutp~ and BT — K**utp~ are measured
for the first time in hadron collisions.

The dominant sources of systematic uncertainty are
the scale-factor reweighting of the simulated signal (the
trigger efficiency near the threshold) which ranges from
0.5 to 4.0% (0.8 to 7.2%) depending on the channel. We
estimate the former uncertainty from the comparison of
the relative efficiencies with and without re-weighting
and the latter uncertainty from the different py require-
ments for each trigger. In the A) — Autp~ case we
consider an additional uncertainty of 6.6% due to the
unknown A — J/9A polarization.

For the absolute branching ratio measurements we as-
sign the uncertainties on the world average B(H, —
J/1ph) [18] or the most recent measurement [20]. Contri-
butions from other sources (e.g. background PDF shape
or the decay model of the simulated event) are minor
(0.3-3.4%).

The combined branching ratio is calculated by assum-
ing isospin symmetry and using the BT and B° total
widths [18]. These numbers are consistent with our pre-
vious results [7], B-factory measurements [5, 6], and the-
oretical expectations [9, 10].

We also measure differential branching ratios with re-

TABLE II: Measured branching ratios of rare modes. First
(second) uncertainty is statistical (systematic). The last two
values are for the isospin average.

Mode Relative B(10~7) Absolute B(10~°)
A S ApTu~ 2.45+059+0.29 1.73+£0.4240.55
BY — oputu~ 1.134+0.194+0.07 1.4740.24 +0.46
Bt — Ktutu~ 0.46+0.0440.02 0.46 4+ 0.04 & 0.02
B° — K*%%uTu~ 0.77+£0.08+0.03 1.024+0.10+0.06
B - K%t~ 0.37+£0.1240.02 0.3240.10 £ 0.02

BY — K*Tutu~ 0.67+0.22+£0.04
B— Kutu~ -
B— K*'u'p~ -

0.95 £+ 0.32 £ 0.08
0.42 +0.04 £ 0.02
1.01 +£0.10 = 0.05
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FIG. 2: Differential branching ratios of (a) A) — Au*u™, (b)
Bl — ¢ptp”, (¢) BY - KtpPp~,and (d) B® — K*u*p~.
The points are the fit result. The solid curves are the SM
expectation [1, 10, 21]. The dashed line in the A — Ap™p~
plot is the SM prediction normalized to our total branching
ratio measurement. The hatched regions are the charmonium
veto regions.

spect to ¢g?. We divide the signal region into six bins in ¢2.
We fit the signal yield in each ¢? bin. In each fit, we fix
the mean of the H, mass and the background slope to the
value from the global fit, so that only the signal fraction
is allowed to vary in the fit. Figure 2 shows the differ-
ential branching ratios for A — Au*p=, B? — ¢utu~,
and B — K(*),u"’/f. For illustration, we superimpose
the SM expectations, which are based on the formula in
Ref. [1], with the form factors in Ref. [21], except for
the case of A) — Autp~ decays which follows Ref. [10].
The cusp at g% ~ 7GeV2/c2 is due to a change in pa-
rameter approximations. Tables III and IV summarize
the differential branching ratio measurements. The two
bottom rows in each table show the results for the semi-
inclusive bins which are included with ranges covering
theoretically well-controlled regions.

In summary, we have updated our previous analysis of
the flavor-changing neutral current decays b — su™p~
using data corresponding to an integrated luminosity of
6.8 fb~! and adding new decay channels. We report the
first observation of AY — Au*p~ and measure the total
and differential branching ratios of this decay with re-
spect to ¢2. We also measure the total and differential
branching ratios of B — K™ ytpu~ and BY — ¢utp,
with respect to ¢2. All measurements are consistent and
competitive with other results, and the differential mea-



TABLE III: Differential branching ratios of A — Ap*u~, BY - K+tutp~, B® - K°u ™, combined B — Kpp™, in units
of 1077, The ¢2ax is 20.30 (23.00) GeV?/c? for ApTp~ (KpTp™). The first (second) uncertainty is statistical (systematic).

¢ (GeV?/®) A —Aputp~ BT - Ktptu B® — Kutp~ B— Kutp~
[0.00,2.00) 0.15 £ 2.0 £0.05 0.36 £0.11£0.03 0.312£0.372 £0.024 0.33 £ 0.10 £ 0.02
[2.00,4.30) 1.84+1.66 £0.59 0.80 £ 0.15+0.05 0.929 = 0.485 £+ 0.070 0.77 £ 0.14 £ 0.05
[4.30,8.68) —0.20+1.64 +0.08 1.18 £ 0.19 +0.09 0.663 & 0.510 +0.052 1.05 £ 0.17 & 0.07
[10.09,12.86) 2.97 +1.47 £ 0.95 0.68 =+ 0.12 £ 0.05 —0.030 = 0.223 £ 0.005 0.48 =+ 0.10 £ 0.03
[14.18,16.00) 0.96 +0.73 £ 0.31 0.53+0.10 £ 0.03 0.726 = 0.257 & 0.055 0.52 = 0.09 £ 0.03
[16.00, %) 6.97 £ 1.88£2.23 0.48+0.11+0.03 0.214+0.182 £ 0.016 0.38 £ 0.09 = 0.02
0.00,4.30) 2.65£252£085 1.13E£0.19E0.08 1.268£0.622£0.096 1.07 £0.17 £ 0.07
1.00,6.00) 1.27 £2.08£041 1.41L0.20£0.10 0.980 £0.614 £ 0.076 1.20 £ 0.18 £0.08

TABLE IV: Differential branching ratios of B — ¢u™p~, B — K*%u*p~, Bt — K*Tp* ™, and combined B — K*u*tp™,

in units of 107",
(systematic).

The gax is 18.90 (19.30) GeV?/c® for ¢utp~ (K ptp™).

The first (second) uncertainty is statistical

¢’ (GeV?/®) B — o'y~

BO N K*O/j'-l—,u‘_

B+—>K*+u+p_ B—>K*u+,u_

[0.00,2.00)
[2.00,4.30)
[4.30,8.68)

2.718£0.95£0.89 1.80£0.36 £0.11 1.30£0.98 £0.14 1.73£0.33 £0.10
0.58 £0.55£0.19 0.84 £0.28 £0.06 0.71 £1.00 £ 0.15 0.82 £ 0.26 £ 0.06
1.34+083+043 1.73+£043+£0.15 1.71 £1.58 £0.49 1.72+0.41 £ 0.14

[10.09,12.86) 2.98 +0.95+0.95 1.77 £0.36 £ 0.12 1.97 £0.99 £0.22 1.77 £ 0.34 £ 0.11
[14.18,16.00) 1.86 4 0.66 +0.59 1.34 +0.26 £+ 0.08 0.52 £ 0.61 £0.09 1.21 £ 0.24 £ 0.07
[16.00, ¢Zax) 2.3240.76 +0.74 0.97 +0.26 + 0.07 1.57 +0.96 +0.17 0.88 + 0.22 4+ 0.05

0.00,4.30)

3.30 £1.09 £1.05 2.60 £ 0.45 £ 0.17 2.01 £1.39 £ 0.27 2.53 £0.43 £ 0.15

1.00, 6.00)

1.14+0.79+£0.36 1.42£0.41 £0.12 2,57+ 1.61 £0.40 1.48 £0.39 £0.12

surements of BY — ¢utp™ and A) — ApTu~ are the
first such measurements. At present there is no evidence
of discrepancy from the SM prediction.

We thank the Fermilab staff and the technical staffs
of the participating institutions for their vital contribu-
tions. This work was supported by the U.S. Department
of Energy and National Science Foundation; the Italian
Istituto Nazionale di Fisica Nucleare; the Ministry of
Education, Culture, Sports, Science and Technology of
Japan; the Natural Sciences and Engineering Research
Council of Canada; the National Science Council of the
Republic of China; the Swiss National Science Founda-
tion; the A.P. Sloan Foundation; the Bundesministerium
fiir Bildung und Forschung, Germany; the World Class
University Program, the National Research Foundation
of Korea; the Science and Technology Facilities Coun-
cil and the Royal Society, UK; the Institut National de
Physique Nucleaire et Physique des Particules/CNRS;
the Russian Foundation for Basic Research; the Minis-
terio de Ciencia e Innovacion, and Programa Consolider-
Ingenio 2010, Spain; the Slovak R&D Agency; and the
Academy of Finland.

[1] A. Ali et al., Phys. Rev. D 61, 074024 (2000).

[2] D. Melikhov, N. Nikitin, and S. Simula, Phys. Rev. D 57,
6814 (1998).

[3] Q. Chan and Y.-H. Gao, Nucl. Phys. B 845, 179 (2011).

[4] Y.-M. Wang, M. J. Aslam, and C.-D. Lu, Eur. Phys. J.
C 59, 847 (2009).

[5] B. Aubert et al. (BaBar Collaboration), Phys. Rev. Lett.
102, 091803 (2009).

[6] J. T. Wei et al. (Belle Collaboration), Phys. Rev. Lett.
103, 171801 (2009).

[7] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. D
79, 011104 (2009); T. Aaltonen et al. (CDF Collabora-
tion), Phys. Rev. Lett. 106, 161801 (2011).

[8] Y.-M. Wang, Y. Li, and C.-D. Lu, Eur. Phys. J. C 59,
861 (2009).

[9] C.-H. Chen and C. Q. Geng, Phys. Rev. D 64, 074001
(2001).

[10] T. M. Aliev, K. Azizi, and M. Savci, Phys. Rev. D 81,
056006 (2010).

[11] M. J. Aslam, Y.-M. Wang, and C.-D. Lu, Phys. Rev. D
78, 114032 (2008).

[12] E. J. Thomson et al., IEEE Trans. Nucl. Sci. 49, 1063
(2002).

[13] D. Acosta et al. (CDF Collaboration), Phys. Rev. D 71,
032001 (2005).

[14] T. Aaltonen et al. (CDF Collaboration), Phys. Rev. Lett.
102, 242002 (2009), and references therein.

[15] G. Ascoli et al., Nucl. Instrum. Methods A 268, 33
(1988); T. Dorigo (CDF Collaboration), Nucl. Instrum.
Methods A 461, 560 (2001).

[16] We use a cylindrical coordinate system in which 6 is the



polar angle with respect to the proton beamline and pseu-
dorapidity n = — In(tan 0/2).

[17) W. Ashmanskas et al., Nucl. Instrum. Methods A 518,
532 (2004).

[18] K. Nakamura et al. (Particle Data Group), J. Phys. G
37, 075021 (2010).

[19] J. Podolanski and R. Armenteros, Phil. Mag. 45, 13

(1954).

[20] V. M. Abazov et al. (DO Collaboration), Phys. Rev. D
84, 031102 (2011).

[21] P. Ball and R. Zwicky, Phys. Rev. D 71, 014015 (2005);
P. Ball and R. Zwicky, Phys. Rev. D 71, 014029 (2005).



